Abstract Quantitative peptide-binding motifs of MHC class I alleles provide a valuable tool to efficiently identify putative T cell epitopes. Detailed information on equine MHC class I alleles is still very limited, and to date, only a single equine MHC class I allele, Eqca-1*00101 (ELA-A3 haplotype), has been characterized. The present study extends the number of characterized ELA class I specificities in two additional haplotypes found commonly in the Thoroughbred breed. Accordingly, we here report quantitative binding motifs for the ELA-A2 allele Eqca-16*00101 and the ELA-A9 allele Eqca-1*00201. Utilizing analyses of endogenously bound and eluted ligands and the screening of positional scanning combinatorial libraries, detailed and quantitative peptidebinding motifs were derived for both alleles. Eqca-16*00101 preferentially binds peptides with aliphatic/hydrophobic residues in position 2 and at the C-terminus, and Eqca-1*00201 has a preference for peptides with arginine in position 2 and hydrophobic/aliphatic residues at the C-terminus. Interestingly, the Eqca-16*00101 motif resembles that of the human HLA A02-supertype, while the Eqca-1*00201 motif resembles that of the HLA B27-supertype and two macaque class I alleles. It is expected that the identified motifs will facilitate the selection of candidate epitopes for the study of immune responses in horses.
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Keywords MHC class I . Peptide binding . MHC binding motif . T cell epitope . Equus caballus (Eqca) Quantitative binding motifs of MHC class I alleles provide a valuable tool to efficiently identify putative T cell epitopes. However, detailed information on equine MHC class I alleles is still very limited. We recently determined a binding motif for the equine MHC class I allele Eqca-1*00101 of the ELA-A3 haplotype using sequencing of endogenous Eqca-1*00101 peptide binders. A more detailed and quantitative motif was further derived by testing the capacity of positional scanning combinatorial libraries (PSCL) to bind Eqca-1*00101 with in vitro assays based on the use of purified MHC molecules (Bergmann et al. 2015) .
The MHC class I genes of the ELA A2, A3, and A9 haplotypes have been identified through full-length sequencing cDNA (Tallmadge et al. 2010 ). The high gene frequencies of the ELA A2 (0.168), A3 (0.168), and A9 (0.136) haplotypes in the Thoroughbred breed (Antczak et al. 1986; Tseng et al. 2010 ) make them attractive candidates for MHC class I molecule characterization. Here, we report information on quantitative binding motifs for two classical MHC class I genes, Eqca-16*00101 and Eqca-1*00201, of the ELA A2 and ELA A9 haplotypes. These specific genes were investigated Electronic supplementary material The online version of this article (doi:10.1007/s00251-017-0978-6) contains supplementary material, which is available to authorized users.
because they are members of allelic series that are found in several horse haplotypes and share structural features with other classical horse MHC class I molecules; most of the other MHC class I genes on these haplotypes do not have these features (Antczak et al. 1986; Tseng et al. 2010) .
In initial experiments, we sought to identify peptides that are endogenously bound by Eqca-16*00101 (ELA A2) and Eqca-1*00201 (ELA A9). As detailed previously (Bergmann et al. 2015; Sidney et al. 2013b) , MHC molecules were purified from P815 cell clones transfected with either Eqca-16*00101 or Eqca-1*00201 genes (Azab et al. 2014) by immunoaffinity with the equine MHC-I-specific antibody (CZ3) (Rappocciolo et al. 2003) . Peptides were then eluted from the respective MHC molecules as described previously (Slingluff et al. 1993 ) and analyzed by nanoflow high-performance liquid chromatography (HPLC)/microelectrospray ionization, coupled directly to a Thermo Fisher Scientific Orbitrap Fusion Tribrid mass spectrometer, equipped with a front-end electron transfer dissociation (FETD) source (Earley et al. 2013 ). Data were acquired as previously described (Udeshi et al. 2008 ) and searched against the SwissProt (Bairoch and Apweiler 2000) mouse database using the Open Mass Spectrometry Search Algorithm software (Geer et al. 2004) , which enabled us to generate a list of candidate peptide sequences (source proteins of sequenced peptides is shown in Supplemental Table 1) .
For both alleles, peptide sequences were determined for the 40 most abundant ligands. In the case of Eqca-16*00101, and as shown in Table 1 , the preferred ligand size was nine residues, with 25 of the 40 ligands (63%) being nonamers. Of the remaining Eqca-16*00101 ligands, four were 10-mers (10%) and 11 (27.5%) were 11-mers. For Eqca-1*00201 (also see Table 1 ), 90% (36/40) of the ligands were 9-mers while only 10% (4/40) were 10-mers. Taken together, the MHC elution data has identified 9-mers as the preferred ligand size for both alleles, conforming to the canonical ligand size known for most human, mouse, and macaque MHC-I alleles (Rammensee et al. 1999) , as well as the sole previously characterized equine MHC class I allele (Bergmann et al. 2015) .
The panels of eluted ligands were next analyzed to derive corresponding main anchor binding motifs for each allele. For Eqca-16*00101, it was observed that the preponderance of residues found in position 2 were the aliphatic residues valine or isoleucine, with the majority (22/40; 55%) being valine (see Table 1 and Supplemental Table 2 ); other residues present were similarly small/polar (T, S, or Q) or aliphatic (M, A or L) . At the C-terminus of the bound peptides, a preference for hydrophobic/aliphatic residues was noted, with leucine (19/ 40; 47.5%) being the most common, followed by methionine (7/40; 17.5%), isoleucine (6/40; 15%), and valine (5/40; 12.5%). Also noteworthy was position 1, where 80% (32/ For Eqca-1*00201, all peptides carried arginine in position 2, with only one exception (tyrosine) (see Table 1 and Supplemental Table 2 ). At the C-terminus, a preference for aliphatic/hydrophobic residues was apparent, as 65% (26/40) of peptides had leucine, and all but one of the remaining peptides had another small or hydrophobic residue (isoleucine, alanine, methionine or phenylalanine). Interestingly, position 1 also showed a narrow specificity, with 77.5% (31/40) of the eluted peptides carrying an asparagine residue. These results suggest that positions 1, 2, and the C-terminus play an important role in Eqca-1*00201 binding. Whether all three positions should be regarded as primary anchors was addressed in further experiments described below.
We took advantage of the eluted ligands identified above to develop quantitative, high-throughput binding assays. The strategy utilized has been successfully applied to several MHC class I and class II molecules expressed in humans, rodents, non-human primates, and horses (see, e.g., Sidney et al. 2013a) ). Briefly, various eluted ligands were radiolabeled; in some cases, tyrosinated analogs of eluted ligands were synthesized to allow for radiolabeling. The radiolabeled probes were incubated with purified MHC molecules in direct binding assays and bound radioactivity determined as described previously (Sidney et al. 2013a) . Ligands yielding optimal signal-to-noise ratios and specificity were selected for use as radiolabeled probes in competitive inhibition assays for the corresponding allele. For Eqca-16*00101, the ligand selected for subsequent assays was the Mus musculus geminin 140-148 peptide EVAEHVQYM (IC 50 2.4 nM); for Eqca-1*00201, the M. musculus 60s ribosomal L4 protein 48-57 peptide NRQPYAVSEL (IC 50 3.1 nM) was chosen. Quantitative in vitro competitive binding assays utilizing purified MHC-I and iodine 125 -labeled standard probe peptides in a monoclonal antibody capture assay platform were performed essentially as described previously (Sidney et al. 2013a) . Briefly, 0.1-1 nM of radiolabeled peptide was co-incubated at room temperature with 0.33 nM-33 μM inhibitory peptide and 1-10 nM of purified MHC-I in the presence of a protease inhibitor cocktail and 1 μM human β2-microglobulin (Scripps Laboratories) at pH 7 in PBS with 0.05% NP40. Following a 2-day incubation, MHC-Ibound radioactivity was determined by capturing MHC-I/peptide complexes on CZ3 (anti-ELA class I)-coated Lumitrac 600 plates (Greiner Bio-one, Frickenhausen, Germany) and bound radioactivity measured using the TopCount (Packard Instrument Co., Meriden, CT) microscintillation counter. Gulukota et al. 1997) . Each competitor peptide was tested at six different concentrations covering a 100,000-fold dose range and in three or more independent experiments. As a positive control, the unlabeled version of the radiolabeled probe was also tested in each experiment.
Utilizing this validated assay strategy, we found that 80% (32/40) of the Eqca-16*00101-eluted peptides bound Eqca-16*00101 with very high affinity (IC 50 <50 nM) and another 15% (n = 6) with an affinity in the 50-500-nM range (Table 1 ). In the case of Eqca-1*00201, 72.5% (29/40) of eluted peptides bound Eqca-1*00201 with very high affinity (IC 50 <50 nM) and 25% (n = 10) with an IC 50 in the 50-500-nM range. For context, we note that the 500-nM threshold has previously been found to correspond with the majority of MHC-I epitopes (Assarsson et al. 2007; Sette et al. 1994 ). Thus, taken together, these data provide validation of the elution data and of the developed high-throughput binding assays.
To determine more detailed and quantitative binding motifs for both alleles, we utilized positional scanning combinatorial libraries (PSCL). Testing suitable PSCL for MHC binding allows for the evaluation of contributions to overall binding of any of the 20 natural amino acids in any position along the peptide backbone. PSCL have been successfully utilized to derive detailed quantitative motifs for more than a dozen different MHC molecules (see, e.g., (Bergmann et al. 2015; Sidney et al. 2008a; Sidney et al. 2007) ). PSCL, synthesized as described previously (Pinilla et al. 1992) , contain randomized 9-mer peptides with one fixed residue at a single position. With each of the 20 naturally occurring residues represented at each position along a 9-mer backbone, the entire library consisted of 180 peptide mixtures. A library completely randomized at each position was also tested.
PSCLs were tested in competition assays as above and data analyzed as described previously (Sidney et al. 2008b) . Briefly, IC 50 nM values for each mixture were standardized as a ratio to the geometric mean IC 50 nM value of the entire set of 180 mixtures and then normalized at each position, so that the value associated with optimal binding at each position corresponded to 1. For each position, an average (geometric) relative binding affinity (ARB) was calculated, and then, the ratio of the ARB for The PSCL was tested for binding, the data analyzed, and primary and secondary anchor positions defined, as described in the text. Values shown represent the average relative binding (ARB) of the corresponding library relative to other pools with the same fixed position. Values have been normalized to the optimal residue at the corresponding position. Geomean is the average ARB across all residues at the corresponding position. SD indicates the standard deviation between the ARB of pools at the same position. SF is the specificity factor, calculated as described in the text, representing the ratio of the average binding of the entire library to the average of pools at the indicated position. At the primary anchor positions (SF >2.4), the most preferred residues, associated with an ARB >0.1, are highlighted by italicized font. 10-fold indicates the number of residues at each position associated with ARB 10-fold or more lower than the optimal residue at the same position. The library average binding for Eqca-16*00101 was 9844 nM the entire library to the ARB for each position was derived. This ratio, which describes the factor by which the normalized geometric mean binding affinity associated with all 20 residues at a specified position differs from that of the average affinity of the entire library, has been denominated as the specificity factor (SF). As calculated, positions with the highest specificity will have the highest SF value. As previously described (Sidney et al. 2008b ), primary anchor positions may be defined as those with an SF ≥2.4. This criterion generally identifies positions where the majority of residues are associated with significant decreases in binding capacity. Prominent secondary influences may arbitrarily be defined based on the number of 10-fold effects on binding capacity, relative to the optimal. In the case of Eqca-16*00101 (Table 2) , the PSCL analysis identified position 2 (SF = 3.94) and the C-terminus (SF = 6.39) as primary anchors. In position 2, valine was the most preferred, followed by glutamine, leucine, isoleucine, and the small residues alanine and threonine, representing a pattern in very good agreement with the elution data. At the C-terminus, phenylalanine was identified as the optimal residue, followed by valine, isoleucine, and leucine. The preference for phenylalanine, as characterized by the PSCL, was surprising, as phenylalanine was not present at the C-terminus of any of the eluted ligands. However, it is similarly hydrophobic in nature to valine, isoleucine, and leucine, perhaps explaining its association with high-affinity binding. We speculate that the absence of phenylalanine in the sequenced ligands may reflect a processing bias of the mouse cell line used for transfection. In positions 1, 3, and 6, 10, 14, and 13 different residues, respectively, were associated with 10-fold reductions in affinity. Accordingly, these may be defined as strong secondary anchor positions. In position 1, the same preference for polar residues identified in the elution data was also apparent, while positions 3 and 6 were associated with a preference for hydrophobic/aliphatic residues.
For Eqca-1*00201, position 2 and the C-terminus were confirmed to be primary anchors, with SF values of 7.46 and 3.50, respectively (Table 3) . In position 2, in agreement with See the notes to Table 2 for details. The library average binding for Eqca-1*00201 was 25,144 nM the elution data, only arginine was tolerated, with all other residues being associated with at least 25-fold lower affinity. At the C-terminus, a preference for hydrophobic/aliphatic residues was apparent, with phenylalanine being the most preferred, followed by leucine, valine, and isoleucine. The preference for phenylalanine at the C-terminus was again surprising, as it was present in only 10% of the eluted ligands. At position 1, with an SF only slightly below the 2.4 threshold, 14 residues were associated with greater than 10-fold reduction in binding capacity, suggesting that position 1 is at least a very strong secondary anchor. The position 1 preference for asparagine identified in the elution set was confirmed by the PSCL, although other residues are also tolerated. Position 3, where five residues had 10-fold or greater reductions, appears to be a weak secondary anchor. Binding specificities for both alleles as characterized from the foregoing analyses are summarized in Fig. 1 . The present study presents experiments that utilized the elution of endogenously bound ligands and the screening of positional scanning combinatorial libraries to derive detailed and quantitative peptide-binding motifs for two common horse class I alleles. Eqca-16*00101 was found to preferentially bind peptides with aliphatic/hydrophobic residues in position 2 and the C-terminus, while Eqca- Fig. 1 Summary motifs. The main features of the Eqca-16*00101 (a) and Eqca-1*00201 (b) motifs are summarized. As determined using eluted ligands and PSCL binding analyses, the motifs are summarized to show the main (red fill) and secondary (blue fill) anchor positions. The most preferred residues at the primary anchor positions are indicated by enlarged font. Tolerated anchor residues are also shown. The most preferred residues at secondary anchor positions are also shown 1*00201 demonstrated a preference for peptides with arginine in position 2 and hydrophobic/aliphatic residues at the C-terminus. Interestingly, the Eqca-16*00101 motif resembles that associated with the human HLA A02-supertype (Sidney et al. 2008c) , while the Eqca-1*00201 motif resembles that associated with the HLA B27-supertype (Sidney et al. 2008c) , and also two macaque MHC class I specificities (Loffredo et al. 2009 ). A particularly interesting finding in a previous study was that the equine class I allele Eqca-1*00101, the only other horse class I MHC allele characterized to date, was shown to have a narrow peptide repertoire, as compared to the repertoire breadth detected for a range of different HLA class I molecules. More specifically, Eqca-1*00101 only bound about 0.5% of all possible 9-mer peptides (Bergmann et al. 2015) . By contrast, detailed analysis of the repertoires of a set of 27 common HLA class I alleles found an average repertoire of 3% (range 0.1-10.4%) (Paul et al. 2013) . Future studies will take advantage of the present data to address whether the repertoires of Eqca-16*00101 and Eqca-1*00201 are also narrow, suggesting a commonality of most or all equine MHC class I alleles or more reflective of the repertoire breadth of alleles with the HLA A02-and B27-supertypes.
The combined genotype frequency of 0.47 for the ELA A2, A3, and A9 haplotypes in the Thoroughbred breed means that approximately 70% of Thoroughbreds will carry one of these haplotypes. The widespread use of Thoroughbred stallions as sires of sport horses increases the occurrence of these haplotypes in other horses around the world. It is expected that the present data will facilitate the selection of candidate epitopes for evaluation of T cell immunity in horses in experimental infection and vaccine trials.
